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ABSTRACT
The prolonged use of the vibrating hand-held tools can cause discomfort,
muscle fatigue and ergonomic injuries to the users which are known as hand-arm
vibration syndrome (HAVS). The undesired vibration decreases the tool performance
and the user productivity. Therefore it is very important to design a vibration
suppression tool that can isolate or suppress the vibration transmission to the worker’s
hand to protect them from HAVS. This work is carried out to design a vibration
control approach that can be applied to the anti-vibration gloves to reduce the vibration
transmission from the vibrating tool to the users so that it can keep the vibration level
within the healthy caution zone which is less than 2.5 m/s2 for 8 hours exposure time.
While the anti-vibration glove which includes viscoelastic materials is used as the
passive vibration control approach, for the active vibration control we need to produce
an actuation signal to cancel the vibration by using active elements along with the
sensors and controller. Therefore, in this work first, an active model of the glove-hand
system is considered and then by obtaining the mathematical model of the system,
a fuzzy parallel distributed compensation (PDC) controller is designed in a way that
it can perform well for different users with different hand masses. The capability
and reliability of the proposed controller are evaluated through simulations and then
the results are compared with the other active vibration control techniques including
proportional integral derivative (PID) controller and active force controller (AFC).
The simulation results show the excellent performance of the designed controller over
the other types of controllers and its significant capability in reducing the transmitted
vibration to the user’s hand.
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ABSTRAK
Penggunaan peralatan mudah alih secara berpanjangan boleh memudaratkan
badan, melemahkan otot-otot dan menghasilkan kecederaan ergonomik kepada
penggunanya. Kesan ini dikenali sebagai ”hard-arm vibration syndrome (HAVS).
Vibrasi yang tidak dikehendaki boleh mengurangkan prestasi alat dan juga produktiviti
pengguna. Oleh itu, adalah amat penting untuk mereka-cipta satu alat penghalang
atau pengurang getaran yang dapat mengasingkan serta menghalang trasmisi getaran
alat tersebut kepada penggunanya. Kerja ini telah dijalankan dengan untuk mereka
satu cara untuk mengawal getaran yang dapat digunakan pada sarung tangan anti-
getaran agar dapat mengawal kadar getaran pada tahap yang selamat terhadap
penggunanya, iaitu kurang daripada 2.5 m/s2 dalam masa 8 jam sepanjang tempoh
penggunaan. Walaupun sarung tangan anti-getaran dihasil dengan menggunakan
material viscoelastic yang dapat bantu mengawal getaran secara pasif, namun begitu
satu cara aktif juga diperlukan untuk bantu membatalkan getaran dengan menghasilkan
isyarat actuation menggunakan elemen-elemen aktif serta pelbagai sensor dan alat
pengawal. Oleh itu, dalam kerja ini kita terlebih dahulu perlu mempertimbangkan
satu model aktif system sarung tangan, dan diikuti dengan memperolehi satu sistem
model matematik sistem yang dikehendaki, sebuah ”Fuzzy paralled distributed
compensation (PDC) controller” akan direka-cipta agar ia sesuai diguna oleh pengguna
yang mempunyai pelbagai jisim tangan yang berbeza. Tahap keupayaan dan tahap
kebolehpercayaan kontroller yang dicadangkan akan diuji menggunakan program
simulasi dan hasilnya akan dibandingkan dengan cara kawalan getaran yang lain
seperti ”Proportional integral derivative (PID) controller” dan juga ” Active force
controller (AFC). Hasil simulasi menunjukkan prestasi alat pengawal yang direka
adalah amat menakjubkan berbanding dengan alat pengawal yang lain serta tahap
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CHAPTER 1
INTRODUCTION
The health risks caused by the vibration of the hand-held tools has been focus of
many researches during the past decades. The effects of anti-vibration (AV) gloves on
reducing the health risks of the vibrating tools have been investigated in many studies
and various types of anti-vibration gloves have been introduced to the market such
as the gel-filled, air-filled or leather AV gloves. It is shown that the efficacy of the
designed AV gloves depends not only on the glove material, but also on tool operating
conditions, the frequency and direction of vibration, the amount of various force
applied, operators, etc [3]. So it has been tried to improve the efficacy of the AV gloves
by adding an active elements to them and make an active system. In active vibration
control (AVC) an actuator is utilized to apply an external force or displacement based
on the measurement of the system response through feedback control. The levels of
acceleration, displacement or velocity measured by sensors is entered to the control
system which provides the control signals for actuators based on the chosen control
strategy.
1.1 Problem Statement
Many types of control schemes have been employed to generate the control
signal needed for the active AV mechanism. Design of the control scheme could
be quite challenging in this area since there are many parameters effecting the
performance of the controller. Beside that, the vibration of different body parts occurs
at different frequencies. For example, the hand-arm system vibration occurs at 30−100
Hz and the vibration above 100 Hz will affect the hand in particular [4].
In designing of a robust AVC system, modelling of structural dynamics and
considering the uncertainties of the system parameters such as changes of the vibration
2frequency and range for different tools, the type of AV glove used, the amount of force
applied, and the characteristics of different users in the model play an important role.
So in this work, we have considered a simple but precise model for the gloved-hand
system based on the changes of the system characteristics for different users and then
the controller is designed to be robust to these changes in the system.
In the available robust control schemes applied to AV systems, the robust
performance of the controller with respect to the variation of the hand masses i.e.
different operators that work with the tool is not considered. In this study, based on the
uncertainty of the mass of hand considered in the glove-hand model, a robust controller
is designed that can attenuate the vibration for different users.
The designed controller later is applied to control the vibration of a two-stroke
engine which has a wide range of applications including grass trimmer machine, chain
saws, lawnmowers, motorcycles, scooters and palm-oil fruit harvester but its vibration
hasn’t been studied well in previous works.
1.2 Objective
The objectives of this study are:
i) To derive the mathematical modelling of the considered passive and active
gloved-hand system
ii) To design a proper type of controller for suppressing the vibration in active
system
iii) To investigate the vibration isolation effectiveness of the designed controller
to be employed in AV glove
iv) To validate the robust performance of the designed controller with respect to
changes of the hand masses
1.3 Research Scope
i) The model considered in this work is based on the hand system only
3ii) The type of controller used in this work is the model-based control
iii) The case study under consideration in this research is a two-stroke engine
1.4 Contributions
i) Applying the control techniques used for the AV systems such as proportional
Integral derivative (PID) and active force control (AFC) controllers on the
gloved-hand model
ii) Design and development of a disturbance rejection fuzzy parallel distritbuted
compensation (PDC) controller which:
• Has the ability to reject the vibration with the designed control input
that is enforced to be bellow a maximum value according to the effective
range of the implemented actuator.
• It is robust to the changes of the hand masses.
1.5 Dissertation Organization
This dissertation is organized as follows.
i) Chapter 1: Introduction
ii) Chapter 2: Literature review
iii) Chapter 3: Research methodology
iv) Chapter 4: Results and discussion
v) Chapter 5: Conclusions and future work
In Chapter 1 the problem statements, the objectives to be achieved and the
scopes of work and the contribution of the research are presented. Chapter 2 contains
the models for demonstrating the hand and glove system and the limitations in
designing the anti-vibration gloves. In Chapter 3 the proposed methods used in this
research in order to achieve the final results are described. The results obtained in this
work are analyzed in Chapter 4. Finally, in Chapter 5 the conclusions and suggested
future works are given.
REFERENCES
1. Dong, R. G., Welcome, D. E., McDowell, T. W. and Wu, J. Z. Theoretical
foundation, methods, and criteria for calibrating human vibration models using
frequency response functions. Journal of sound and vibration, 2015. 356:
195–216.
2. Aridogan, U. and Basdogan, I. A review of active vibration and noise
suppression of plate-like structures with piezoelectric transducers. Journal
of Intelligent Material Systems and Structures, 2015. 26(12): 1455–1476.
3. Hewitt, S., Dong, R., McDowell, T. and Welcome, D. The efficacy of Anti-
vibration gloves. Acoustics Australia, 2016. 44(1): 121–127.
4. Hassan, M., Mailah, M., Junid, R. and Alang, N. Vibration suppression of a
handheld tool using intelligent active force control (AFC). Proceedings of the
World Congress on Engineering. 2010, vol. 2. 1636–1641.
5. Jones, D. I. Handbook of viscoelastic vibration damping. John Wiley & Sons.
2001.
6. Dong, R. G., Welcome, D. E., Wu, J. Z. and McDowell, T. W. Development of
hand-arm system models for vibrating tool analysis and test rig construction.
Noise Control Engineering Journal, 2008. 56(1): 35–44.
7. Lache, S. and Luculescu, M. Developing reliable hand-arm models for
reducing vibration exposure levels. Automation, Quality and Testing, Robotics,
2008. AQTR 2008. IEEE International Conference on. IEEE. 2008, vol. 1.
168–173.
8. Speich, J. E., Shao, L. and Goldfarb, M. Modeling the human hand as it
interacts with a telemanipulation system. Mechatronics, 2005. 15(9): 1127–
1142.
9. Mazlan, A. Z. A. and Ripin, Z. M. Active Vibration Control to Attenuate
Hand-arm Vibration from Orbital Sander: A Mathematical Model Approach.
Indian Journal of Science and Technology, 2015. 8(30).
10. Rakheja, S., Wu, J., Dong, R., Schopper, A. and Boileau, P.-E´. A comparison
of biodynamic models of the human hand–arm system for applications to
50
hand-held power tools. Journal of Sound and Vibration, 2002. 249(1): 55–
82.
11. Dong, J. H., Dong, R. G., Rakheja, S., Welcome, D. E., McDowell, T. W. and
Wu, J. Z. A method for analyzing absorbed power distribution in the hand
and arm substructures when operating vibrating tools. Journal of Sound and
Vibration, 2008. 311(3-5): 1286–1304.
12. Dong, R. G., Dong, J. H., Wu, J. Z. and Rakheja, S. Modeling of biodynamic
responses distributed at the fingers and the palm of the human hand–arm
system. Journal of Biomechanics, 2007. 40(10): 2335–2340.
13. Dong, R. G., Sinsel, E. W., Welcome, D. E., Warren, C., Xu, X. S., McDowell,
T. W. and Wu, J. Z. Review and evaluation of hand–arm coordinate systems for
measuring vibration exposure, biodynamic responses, and hand forces. Safety
and health at work, 2015. 6(3): 159–173.
14. Hamouda, K. VIBRATION TRANSMISSION CHARACTERISTICS AND GRIP
STRENGTH PRESERVATION OF ANTI-VIBRATION GLOVES. Ph.D. Thesis.
Concordia University. 2016.
15. Doebling, S. W., Farrar, C. R., Prime, M. B. et al. A summary review of
vibration-based damage identification methods. Shock and vibration digest,
1998. 30(2): 91–105.
16. Shen, S. C. and House, R. A. Hand-arm vibration syndrome: What family
physicians should know. Canadian Family Physician, 2017. 63(3): 206–210.
17. Nakashima, A. M. The effect of vibration on human performance and health:
A review of recent literature. Defence Research & Development Canada,
Defence R & D Canada-Toronto. 2004.
18. Burstro¨m, L., Neely, G., Lundstro¨m, R. and Nilsson, T. Occupational exposure
to vibration from hand-held tools: A teaching guide on health effects, risk
assessment and prevention. 2009.
19. Welcome, D. E., Dong, R. G., Xu, X. S., Warren, C. and McDowell, T. W.
An evaluation of the proposed revision of the anti-vibration glove test method
defined in ISO 10819 (1996). International Journal of Industrial Ergonomics,
2012. 42(1): 143–155.
20. Hewitt, S., Dong, R. G., Welcome, D. E. and McDowell, T. W. Anti-vibration
gloves? Annals of Occupational Hygiene, 2014. 59(2): 127–141.
21. McDowell, T. W., Dong, R. G., Welcome, D. E., Xu, X. S. and Warren, C.
Vibration-reducing gloves: transmissibility at the palm of the hand in three
51
orthogonal directions. Ergonomics, 2013. 56(12): 1823–1840.
22. Rakheja, S., Dong, R., Welcome, D. and Schopper, A. Estimation of tool-
specific isolation performance of antivibration gloves. International Journal
of Industrial Ergonomics, 2002. 30(2): 71–87.
23. Dong, R., Rakheja, S., Smutz, W., Schopper, A., Welcome, D. and Wu, J.
Effectiveness of a new method (TEAT) to assess vibration transmissibility of
gloves. International Journal of Industrial Ergonomics, 2002. 30(1): 33–48.
24. McDowell, T. W., Welcome, D. E., Warren, C., Xu, X. S. and Dong, R. G. The
effect of a mechanical arm system on portable grinder vibration emissions.
Annals of Occupational Hygiene, 2015. 60(3): 371–386.
25. Dong, R., McDowell, T., Welcome, D., Barkley, J., Warren, C. and
Washington, B. Effects of hand-tool coupling conditions on the isolation
effectiveness of air bladder anti-vibration gloves. Journal of low frequency
noise, vibration and active control, 2004. 23(4): 231–248.
26. Dong, R. G., McDowell, T. W., Welcome, D. E., Warren, C., Wu, J. Z.
and Rakheja, S. Analysis of anti-vibration gloves mechanism and evaluation
methods. Journal of Sound and Vibration, 2009. 321(1-2): 435–453.
27. Adewusi, S., Rakheja, S. and Marcotte, P. Biomechanical models of the human
hand-arm to simulate distributed biodynamic responses for different postures.
International Journal of Industrial Ergonomics, 2012. 42(2): 249–260.
28. Rezali, M. et al. Measuring and predicting the transmission of vibration
through gloves to the hand. Ph.D. Thesis. University of Southampton. 2015.
29. Liu, Y.-J., Zeng, Q., Liu, L. and Tong, S. An Adaptive Neural Network
Controller for Active Suspension Systems With Hydraulic Actuator. IEEE
Transactions on Systems, Man, and Cybernetics: Systems, 2018.
30. Sun, H., Li, Y., Xu, K. and Tong, S. Fuzzy Adaptive Backstepping Control
for a Class of Active Suspension Systems. IFAC-PapersOnLine, 2018. 51(31):
136–141.
31. Mailah, M., Jahanabadi, H., Zain, M. and Priyandoko, G. Modelling and
control of a human-like arm incorporating muscle models. Proceedings
of the Institution of Mechanical Engineers, Part C: Journal of Mechanical
Engineering Science, 2009. 223(7): 1569–1577.
32. Zuo, G. and Wong, L. A Review on Recent Active Vibration Control
Techniques. arXiv preprint arXiv:1601.05889, 2016.
33. Szabat, K. and Orlowska-Kowalska, T. Vibration suppression in a two-mass
52
drive system using PI speed controller and additional feedbacksComparative
study. IEEE Transactions on industrial electronics, 2007. 54(2): 1193–1206.
34. Karagu¨lle, H., Malgaca, L. and O¨ktem, H. Analysis of active vibration control
in smart structures by ANSYS. Smart Materials and Structures, 2004. 13(4):
661.
35. Li, H., Yu, J., Hilton, C. and Liu, H. Adaptive sliding-mode control for
nonlinear active suspension vehicle systems using T–S fuzzy approach. IEEE
Transactions on Industrial Electronics, 2013. 60(8): 3328–3338.
36. Hu, J. and Zhu, D. Vibration Control of Smart Structure Using Sliding Mode
Control with Observer. JCP, 2012. 7(2): 411–418.
37. Thenozhi, S. and Yu, W. Stability analysis of active vibration control of
building structures using PD/PID control. Engineering Structures, 2014. 81:
208–218.
38. Sun, W., Gao, H. and Kaynak, O. Vibration isolation for active suspensions
with performance constraints and actuator saturation. IEEE/ASME
Transactions on Mechatronics, 2015. 20(2): 675–683.
39. Kalaivani, R., Sudhagar, K. and Lakshmi, P. Neural network based vibration
control for vehicle active suspension system. Indian Journal of Science and
Technology, 2016. 9(1).
40. Li, H., Liu, H., Gao, H. and Shi, P. Reliable fuzzy control for active suspension
systems with actuator delay and fault. IEEE Transactions on Fuzzy Systems,
2012. 20(2): 342–357.
41. Hewit, J. and Burdess, J. Fast dynamic decoupled control for robotics, using
active force control. Mechanism and Machine Theory, 1981. 16(5): 535–542.
42. Zain, M. Z. M., Mailah, M. and Priyandoko, G. P. G. Active force control with
input shaping technique for a suspension system. Jurnal Mekanikal, 2008.
27(2).
43. Rajeswari, K. and Lakshmi, P. Simulation of suspension system with
intelligent active force control. Advances in Recent Technologies in
Communication and Computing (ARTCom), 2010 International Conference
on. IEEE. 2010. 271–277.
44. Mohamad, M., Mailah, M. and Muhaimin, A. Vibration control of mechanical
suspension using active force control. Procs. of Regional Conference on
Vehicle Engineering Technology, RiVET. 2006.
45. Sadeghi, M. S., Safarinejadian, B. and Farughian, A. Parallel distributed
53
compensator design of tank level control based on fuzzy Takagi–Sugeno
model. Applied Soft Computing, 2014. 21: 280–285.
46. Sadeghi, M. S., Rezaei, M. and Mardaneh, M. Affine parallel distributed
compensator design for affine fuzzy systems via fuzzy Lyapunov function.
Engineering Applications of Artificial Intelligence, 2015. 37: 407–416.
47. Nguyen, A.-T., Dambrine, M. and Lauber, J. Simultaneous Design of Parallel
Distributed Output Feedback and Anti-windup Compensators for Constrained
Takagi-Sugeno Fuzzy Systems. Asian Journal of Control, 2016. 18(5): 1641–
1654.
48. Tanaka, K. and Wang, H. O. Fuzzy control systems design and analysis: a
linear matrix inequality approach. John Wiley & Sons. 2004.
49. Ko, Y. H., Ean, O. L. and Ripin, Z. M. The design and development of
suspended handles for reducing hand-arm vibration in petrol driven grass
trimmer. International Journal of Industrial Ergonomics, 2011. 41(5): 459–
470.
50. Lofberg, J. YALMIP: A toolbox for modeling and optimization in
MATLAB. Computer Aided Control Systems Design, 2004 IEEE International
Symposium on. IEEE. 2004. 284–289.
